Abstract. This paper investigates the symmetry of polarimetric scattering and emission coefficients of media with reflection symmetry. A reflection operator is defined and is used to create the images of electromagnetic fields and sources. The image fields satisfy Maxwell's equations, meaning that Maxwell's equations are invariant under the described reflection operations. By applying the reflection operations to media with reflection symmetry, the symmetry properties of the Stokes parameters, characterizing the polarization state of thermal emissions, are shown to agree with existing experimental data. The first two Stokes parameters are symmetric with respect to the reflection plane, while the third and fourth Stokes parameters have odd symmetry. In active remote sensing, the symmetry properties of the polarimetric scattering matrix elements of deterministic targets and the polarimetric covariance matrix elements of random media or distributed targets are examined. For deterministic targets, the cross-polarized responses are odd functions with respect to the symmetry direction, whereas the copolarized responses are even functions. For distributed targets or random media, it is found that the correlations of copolarized and cross-polarized responses are antisymmetric with respect to the reflection plane, while the other covariance matrix elements are symmetric. Consequently, in the cases of backscatter, the copolarized and cross-polarized components are completely uncorrelated when the incidence direction is on the symmetry plane. The derived symmetry properties of polarimetric backscattering coefficients agree with the predictions of a two-scale surface scattering model and existing sea surface HH and VV backscatter data. Finally, the conditions for a general type of media, i.e., bianisotropic media, to be reflection symmetric are examined.
Introduction
This paper discusses the symmetry properties of the polarization components of active scattered fields and passive thermal radiations from media with reflection symmetry in light of recent significant interests in polarimetric active and passive remote sensing of geophysical media, particularly, wind-toughened ocean surfaces, which are symmetric with respect to the wind direction. In active remote sensing, the HH or VV backscatter from wind-induced sea surfaces has been known to be symmetric with respect to the wind direction [Wentz et al., 1984] . However, symmetries of the other polarimetric backscattering coefficients, characterizing the mutual correlation between the electric fields collected with two arbitrary antenna poCopyright 1994 by the American Geophysical Union.
Paper number 94RS02228. [Nghiem et al., 1991] , from periodic water surfaces [Johnson et al., 1993; Yueh et al., 1994a] , and from sea surfaces at normal incidence [Dzura et al., 1992] and at incidence angles of 30o-50 ø [Yueh et al., 1994c] . Additionally, those observed symmetry properties of Stokes parameters are consistent with the results generated by a theoretical emission model for random rough surfaces . Although the experimental evidence described above had suggested the symmetries of polarimetric active scattering and passive emission coefficients, there was no rigorous explanation 
Reflection Operations and the Invariance of Maxwell's Equations
This section introduces a reflection operator and its commutation relations with the divergence and curl operators, which are two of the most frequently used operators in many areas of physics, including quantum mechanics, fluid dynamics, and electromagnetics. In this paper we restrict the applications of the reflection operator to electromagnetics and use it to investigate the symmetry of electromagnetic fields. Specifically, using the reflection operator, we introduce a complementary problem with the fields corresponding to the images of a set of electromagnetic fields, and we show that the image fields satisfy Maxwell's equations to demonstrate the invariance of Maxwell's equations under the reflection operations.
Without loss of generality, throughout this paper the x-z plane, unless otherwise mentioned, is chosen as the reflection plane, with respect to which the reflection operation is applied. The reflection operator • is defined as follows: When • is applied to a scalar field a(x, y, z), it creates a reflection image a' by the following relation: a'(x, y, z)= •(a(x, y, z)) = a(x, -y, z) 
Given the above definition as illustrated in Figure 1 , it is straightforward to show that for an arbitrary vector field A the following commutation relations hold true when • operates together with the divergence and curl operators:
Hence • is commutable with the divergence operator and does not change the divergence of the vector field. In contrast, an additional minus sign is observed when the reflection and curl operations are reversed. This is because the reflection operation causes a sign change to the vector component perpendicular to the reflection plane, thus changing the handedness of the vector field.
Note that unlike the electric fields and sources, the images of "magnetic" quantities H and B carry a sign opposite to that of the fields created by the reflection operator. That is, the reflection plane actually resembles a perfect magnetic conducting wall. In contrast to the above image fields, another set of fields can be created by simulating the reflection plane as a perfect electrical conducting wall with the signs of all "electric" quantities reversed, while maintaining the signs of magnetic quantities.
However, these two sets of definitions lead to the same conclusions on the symmetry properties of polarimetric thermal radiations (section 4), polarimetric scattering coefficients (section 5), and criteha for a medium to be reflection symmetric (section 6). Thus we discuss only the case in which the reflection plane corresponds to a perfect magnetic conducting plane. In the original problem the electric field E, magnetic field H, electric displacement D, and magnetic flux density B are related to the charge density p and VxH'=J'+ , 
we obtain the following relations by comparing the above two equations: Before deriving the symmetry properties of thermally radiated electric fields, the implications of reflection symmetry on medium parameters and thermally excited electric currents J are discussed. Regarding medium parameters there are two types of media, deterministic and random. The medium parameters, such as permittivity and permeability, of a deterministic target are deterministic functions in space, while a random medium has to be realized by an ensemble of deterministic targets. Since deterministic targets can be considered a special case of random media with only one realization in the ensemble, it is not necessary to separately discuss the case of deterministic targets. For random media, reflection symmetry means that for any realization of the medium there is another realization, which is reflection symmetric to that realization. For example, the reflection image of an isotropic medium with e = e(x, y, z) and/x = /x(x, y, z) is a medium with e = e(x, -y, z) and/x -/x(x, -y, z). (The general conditions for two targets to be reflection symmetric to each other are detailed in section 6.) Besides a direct effect on the wave propagation and scattering, the symmetry of medium parameters implies the statistical symmetry properties of thermally induced electric currents and, consequently, the electromagnetic fields generated by the current sources. Yueh and Kwok, 1993], the current density J due to the random motion of charges is random with zero mean and is spatially uncorrelated. In addition, its second moment is linearly proportional to the parameters characterizing the lossy effects of the medium, such as the imaginary parts of permittivity and permeability. Hence the random current can be characterized by a random process with the same symmetry properties as those of medium parameters. On the basis of the above discussion it is concluded that if we define an original problem representing a realization of the random medium and the random current, we can always find another realization, which forms the corresponding complementary problem defined in section 2, as long as the random medium is reflection symmetric. 
where r is the range from the target to the receiver. 
Conditions for Reflection Symmetry
Though reflection symmetry has been used frequently to verify solutions or simplify problems, the criteria for media to be reflection symmetric have not yet been addressed. In fact, this is a question that cannot be answered based on electromagnetics alone, because the medium parameters, such as the permittivity and permeability, are determined by how the particles react under the influence of electromagnetic forces together with other mechanical forces present in the media. Hence the most general approach to decide whether a medium is reflection symmetric should be to show that all relevant physical laws, which govern particle motions, such as Lorentz force for charged particles and Schr6-dinger's equation in quantum mechanics, have to be [Kong, 1986] . In electromagnetics the macroscopic medium properties are described by a set of constitutive = relations, which connect the vector fields E, H, D, and B. The constitutive relations of a bianisotropic medium are given by 
